In the paper, the Electrorheological fluid(ERF) is embedded in the pneumatic vibration isolator and three kinds of control systems are designed, which experimental results are also compared. The first kind of the control system is the semi-active control system, which is designed for ERF controllable damper. The second kind of the control system is the active control system, which is designed for the air servo position control of the platform of the pneumatic vibration isolator. The third kind of vibration isolator control systems is the combination of the active air servo control system and the ERF controllable damper. The experimental results are shown and compared to those of the passive pneumatic vibration isolators, the transmissibility of a vibration source to the isolation platform can be reduced by the first control system. Using the second kind of the control system, the transmissibility of the system is less than that of the first kind of the control system. Using the third control system, the transmissibility becomes the least of these control systems.
INTRODUCTION
Vibration isolation systems are essential in ensuring a higher productivity, an improvement in quality, and an enhanced safety. Vibration isolators are commonly applied during the performance of optical experiments, during semiconductor manufacturing, and in high precision measurement instrumentation. Vibrations are generated by a wide variety of sources, including passing traffic, elevators, human activity, and nearby motorized equipment. Hence, vibration isolators are designed to isolate delicate equipment from environmental vibrations. Vibration isolation systems can be categorized as either active or passive, depending on whether or not external power is required. Passive vibration isolation systems provide a simple yet reliable means of protecting a mechanical system from a vibration environment. However, these elements have inherent performance limitations which cannot be overcome. By contrast, vibration isolation systems comprised of the actuators can provide a significantly enhanced vibration isolation performance [1] . For achieving the reduction of the transmissibility, the active system is added to the pneumatic vibration isolator. Fowler [2] added an active damping system in parallel with the pneumatic isolation. Eric [3] developed a product that incorporates piezoelectric actuators to minimize to motion of the payload. The ER fluid is a substance, which changes its rheological characteristics according to the strength of the applied electric field. This fluid has been widely applied in a variety of mechanical engineering applications, including vehicle suspensions, rotation machinery, railway vehicles, hydraulic systems, and damping-controlled dampers [4] - [7] . Conventionally, the term "ER fluid" refers to the particle-type ER fluids which exhibit Bingham characteristics [8] . Jin and Zhang [9] presented a friction-type ER damper, and applied it to dissipate the vibratory energy of robots. Kenaley and Cutkosky [10] employed ER fluid to control the stiffness of a robotic finger. In addition to particle-type ER fluids, macromolecular liquid crystals have been used to develop a homogeneous-type ER fluid which exhibits Newtonian fluid characteristics. Takesue [11] et al. utilized this particular form of ER fluid in a viscous damping arrangement for the precise positioning control of robot arms. The results of their study confirmed the effectiveness of this arrangement in improving both the precision of the positioning and the stability of the arm. In the study, a pneumatic vibration isolator which is embedded the ER damper is designed and controlled. A semi-active control system, an active control system, and a hybrid control system are designed for the pneumatic vibration isolator embedded with ERF damper. The first control system is designed for the damping controllable damper. The second control system is designed for the air servo control of the pneumatic vibration isolator. The third control system is the air servo control and the ER damper control. The remainder of this paper is organized as follows. Section 2 introduces the design of the pneumatic vibration isolator embedded with the ERF Damper. Section 3 presents the layout of the current experimental system, while Section 4 develops the design of the controllers and presents the experimental results. Finally, Section 5 presents conclusions.
DESIGN OF PNEUMATIC VIBRATION ISOLATOR EMBEDDED WITH ERF DAMPER
The scheme of the pneumatic vibration isolator embedded with the ERF damper is usually shown in figure 1 . It has two chambers and flow restrictors between the top chamber and bottom chamber. The ERF damper is located between the platform and the top chamber. Figure 1 Scheme of the designed isolator An Electrorheological fluid is a substance, which can change its rheological characteristics according to the strength of an applied electric field. The ER fluids are classified as particle-type ER fluids and homogeneous ER fluids. ER fluids of particle-type are colloidal fluids comprising solvents with dispersed particles. In the absence of an electric field, the ER fluid exhibits Newtonian fluid characteristics. However, when an electric field is applied, the fluid demonstrates the characteristics of a Bingham fluid. The other is homogeneous ER fluids developed by using low-molecule liquid crystals or macromolecular liquid crystals. For homogeneous ER fluids, the shear stress is basically proportional to the shear rate, and that its slope, i.e. its viscosity, is governed by the strength of the applied electric field. The ER fluid used in this study is a liquid crystalline polymer, a sort of homogeneous ER fluids, because the fluid has the characteristics of no sedimentation and no particle-crushing. The characteristic of the fluid is shown in Figure 2 . Three ER vibration control modes exist, namely flow mode, shear mode, and squeeze mode. In the study, the mixed damper is composed of the flow mode and shear mode and shown in figure 1(b). The damper has the inner electrode attached to the piston head, and so it moves with the piston head. In the damper, rate-dependent damping force results from the pressure drop in the electrode gap as well as direct shear of the fluid in the gap due to the piston head motion. The mixed mode damper is considered as the approximate parallel plate analysis. The 1D axisymmetric analysis is given in [12] , and the expression for the force is written as :
The mathematical models of the pneumatic vibration isolator are the same as those of a servo-pneumatic cylinder and the nonlinear models of a servo-pneumatic cylinder first proposed by Shearer [13] . These models include the enthalpy equations for the pneumatic chambers, an equation for the flow through the restrictor, and a displacement equation for the piston under load. The linear model of the pneumatic vibration isolator can be derived from the nonlinear model. Harris and Crede [14] were the first researchers to propose a linear model of the pneumatic vibration isolator. However, DeBra [15] has also developed a linear model of the pneumatic vibration isolator. The mathematical model of the pneumatic vibration isolator embedded with the ERF damper comprises thermodynamic equations for the upper and lower chambers, a displacement equation for the piston under load, the air flows through the restrictor between the upper and lower chambers and the damping force of the ER damper. Air compressibility characteristics cause the associated mathematical models to be nonlinear, which significantly complicates the system analysis process. However, the Taylor series expansion can be used to linearize the model. After linearization, the transfer function of the pneumatic vibration isolation embedded with the ER fluid can be written as: 
In equation (2), m C is the damping coefficient of ERF damper and has the influence on the transmissibility of the pneumatic vibration isolator embedded with the ERF damper. When the ERF damper is not embedded in the pneumatic vibration isolator, hence, the damping coefficient of ERF damper is zero, and the transfer function of the pneumatic vibration isolator can be written as: 
The simulation result of the pneumatic vibration isolator embedded with and without the ERF damper is shown in figure 3 . It is shown that the transmissibility of the system could be reduced with the increased electric field near the nature frequency. Figure 4 shows the experimental arrangement employed to measure the transmissibility of the system. The pneumatic vibration isolator embedded with the ERF damper is located on a flat base connected to a hydraulic servo-cylinder, which serves as a small vibration source. The chambers of the pneumatic vibration isolator are pressurized with air and support a load. Position sensors are attached to the load and to the base of the pneumatic vibration isolator. The ER power supply generates the electric field on the ERF damper and the pneumatic servo valve regulates the air flows in/out the upper chamber. For the passive system, the displacements of the load and the base are measured by the two position sensors, which then transmit the displacement signals to the computer. For the semi-active control system, the electric field is applied to the ERF damper embedded in the pneumatic vibration isolator. For the active control system, the computer acts as a controller and sends the control signals to the pneumatic servo valve to regulate the air flows in/out the upper chamber in order to reduce vibration. For the hybrid control system, the air servo control and the applied electric field act on the isolator. Figure 5 shows the block diagram of the electric field applied to the pneumatic vibration isolator embedded with the ERF damper. From equation (1), the damping force of the ERF damper increases with the increased applied electric field. The experimental results of the pneumatic vibration isolator embedded with ERF damper are shown in Figure 6 . It is observed that the transmissibility near the natural frequency decreases as the strength of the applied electric field increases, but the transmissibility is not improved when the frequencies are lower and higher than the nature frequency. So the semi-active control for the ERF damper is used to improve the performance. 
LAYOUT OF EXPERIMENTAL EQUIPMENT

CONTROLLER DESIGN AND EXPERIMENTAL RESULTS
4-1 Open-loop control of ERF damper
4-2 Semi-active control
The block diagram of the semi-active control is shown in figure 7 . The input command, r, is the reference displacement of the load supported by the pneumatic vibration isolator, while the output, p x , is the current displacement of the platform of the pneumatic vibration isolator. The vibrations to the pneumatic vibration isolator is base x . In this case, the reference displacement is set to zero. The error is written as: 
The transmissibility is defined as:
From equation (5), the switch condition of the electric field can be given as:
When the transmissibility is smaller than 1 or equal to 1( 1 ≤ T ), the electric field is not applied to the ER damper. When the transmissibility is larger than 1, the electric field acts on the ER damper. 
4-3 Active Control
An active vibration isolation system is designed which employs an active controller to regulate the operation of a pneumatic servo valve. The active control system regulates the flow of air into, and out of, the upper chamber of the pneumatic vibration isolator such that the load is protected from vibration. Figure 8 presents a block diagram of the developed active control system. The fuzzy control can be described as follows. The fuzzy controller comprises four basic elements, namely a fuzzifier, a fuzzy inference engine, a defuzzifier, and a fuzzy rule base [16] , [17] . E s and ∆E s represent the input signals to the fuzzy logic controller, and u represents the output of the fuzzy controller. The input command and the plant output are crisp values but non-fuzzy variables, and must therefore be fuzzified by the fuzzifier, which performs a mapping from the crisp points to the corresponding fuzzy set. A fuzzy set is denoted by a linguistic term such as "positive error" or "negative error", and is characterized by a membership function. The fuzzifier of the fuzzy logic control system is a nonsingleton (triangular) fuzzifier. The fuzzy rule base of the fuzzy controller comprises a set of IF-THEN rules, which are typically expressed in the form of a fuzzy conditional statement, i.e. If there are n fuzzy sets for each of the variables E s , ∆E s and u, then the total number of fuzzy rules will be given by n 2 . This fuzzy rule set can be combined into a single rule by means of the following operator:
To compute the subsequent output u, the present study adopts a max-min inference method as the fuzzy inference engine, i.e.
Applying the max-min inference technique yields a fuzzy output value. Hence, it is necessary to employ a defuzzifier to transform this fuzzy quantity into the corresponding crisp value. This study adopts the center-of-gravity method as the defuzzifier function, i.e. Figure 9 depicts the triangular membership functions for each fuzzy set. It is observed that these functions are symmetric with respect to the vertical axis as a result of the symmetric nature of the operating of the servo valves. Table 1 displays the  fuzzy control decision table adopted Table 1 Fuzzy rule
4-4 Hybrid control
The hybrid control system includes the air servo control and the damping control of the pneumatic vibration isolator embedded in the ER damper. When the transmissibility is larger than 1, the electric field is applied to the ER damper to reduce the transmissibility, and the air servo control controls the flow of air into, and out of, the upper chamber to reduce the transmissibility. When the transmissibility is smaller than 1, only the air servo control acts on the pneumatic vibration isolator embedded in the ER damper. The block diagram of the hybrid control system is presented in figure 10 . 
4-5 Experimental results
The system supply pressure is taken to be 5 bar, while the sampling time is specified to be 20ms. Figure 11 shows the experimental results of the transmissibility of the pneumatic vibration isolation systems. It can be seen that compared with the passive system, the transmissibility is reduced near its natural frequency by using the semi-active control. Using the active control, the transmissibility is smaller than 1 at the frequency lower than nature frequency. Using the hybrid control system, the transmissibility of the vibration source to the payload is improved more effectively. 
CONCLUSION
This paper has presented the design of pneumatic vibration isolator embedded in the ER damper and the control systems. The experimental results were carried out and came to the following conclusions: (1) Compare with the case of passive vibration isolator, when using the semi-active control system, the transmissibility is improved near the nature frequency. (2) Using the active pneumatic control system, the transmissibility is smaller than that of the semi-active control system, when the frequency is lower than the nature frequency. (3) Using the hybrid control system, the performance of the vibration source to the payload is better than the semi-active control system and the active control system.
